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The four introns of the Euglena psbA gene, and in particular intron psbA4, show at their S- and 3’-terminal 
parts structural homologies with structured introns of class II. Two putative introns belonging to this class 
were also found in a URF located upstream of the psbA gene. 
Euglena gracilis psbA gene Chloroplast intron Intron class RNA secondary structure 
1. INTRODUCTION 
While introns have not yet been found in the 
protein-coding genes of higher plant chloroplasts, 
the Euglena gracilis chloroplast DNA comprises at 
least 15 split protein genes, as judged from electron 
microscopy observation of heteroduplexes [ 11. 
Three of them have been or are being sequenced, 
namely: (i) the rbcL gene coding for the large 
subunit of ribulose 1,5-bisphosphate carboxylase, 
which is interrupted by 9 introns of average size 
460 bp (2,3]; (ii) the tufA gene, coding for the 
elongation factor EF-Tu [4], with two small in- 
trons approx. 100 bp each; (iii) the psbA gene, 
coding for a 32 kDa thylakoid membrane protein 
of photosystem II, which includes 4 introns with 
sizes ranging from 433 to 616 bp [5-71. 
stretches and potential secondary structures. Class 
I includes mitochondrial-, chloroplast- and nuclear- 
encoded members [8-l I], while members of class 
II remain confined so far to organelles. 
Here, we present evidence that the 4 introns in 
the Euglena psbA gene belong to the second class 
of structured introns. The possible presence of two 
additional class II introns in an unidentified 
reading frame located next to the psbA gene is also 
discussed. 
2. MATERIALS AND METHODS 
None of these introns fully obeys the GU . . . AG 
rule to which the termini of eukaryotic pre-mRNA 
introns conform. As shown [8], most of the other 
introns that do not follow this rule can be arranged 
into two families or ‘classes’, each of which is 
defined by the presence of distinctive sequence 
Computer programs for primary sequence com- 
parisons and secondary structure cataloguing have 
been described in [9]. The construction of secon- 
dary structure models from comparative data was 
carried out according to the strategy described in 
WI. 
3. RESULTS AND DISCUSSION 
Abbreviations: Y, pyrimidine base; R, purine base 
The most distinctive features of class II introns 
have been indicated in fig.1 by aligning 6 mito- 
chondrial and 4 chloroplast introns, 8 of which 
Published by Elsevier Science Publishers B. V. 
00145793/85/$3.30 0 1985 Federation of European Biochemical Societies 69 
Volume 179, number 1 FEBS LETTERS January 1985 
Mitochmndrirl *ntrons 
S.c.a5 Q&I=- 888 n. -CGU~O~~GE~U~-~~~~~~~~~~~~~~~~~~~~~~~------G~------~GGUC~~~~~~~~U --_) 
S.c.bl mg- 687 n. -UUU~~~~f‘c~_UEBBb-ou?oun_cpwcaouucvcn------G~------n~UCw~~~~~~U _-__-> __-_-_-) -_-) 
S.c.a1 m- 2357 n. -G~Co~~~u~~~-~~~~Q~~~~~QG-~~~UCUU~~CGUGGC~C~~GGU~UUUG~UUUC-BU 
(-___ <-- -_) _--_) __) ..__) 
S.c.a2 m- 2415 n. -GG&Q&Q&CGUn@W,Wpggg-cu4ucgcEwcopyycU+ 1P n. -CaUAGGUUUGW9CUCU-&C 
(---___-(--___ _--_-) -_-__--) <___(__ (-___ ___-) __) ___) 
Podos. m- 2437 n. -GG+&&CGWQGCGQU&$,$+GUCGC&CQUK.G~CQG-~GWQAGUUUUUGGUU- 23 n. -CaCUGGCUGCUYqUCCU-bC 
(--___--<-____ -_--_) ____-__) (-__(_-_ <-- --> --_) _-_) 
Z.mays QL!Q!X- 727 n. -G~UUUUyGCGGG~-CUUG~QU~~~UQG--~~~~~~C-----------GGGC------------GU~~CCC~-~C 
(--___(_______ --_--__) ---__) __) __) 
PI ant Chloroplast xntrons 
Ik 
t RNA UQ-@- 825 n. 
t FINAAla 
-~_~n~~~~QGG~~~~~~~Q~~~~~~QG-~~~UGG~~~~~~~~- 43 n. -GGGGCoAU’=UU!&CUUC-f3C 
--_____) __-) 
U,@GQ- 725 n. -QG&@Q@X~GQ,WGAU~-GUUGU,j@QCUGUQ@&QG-GGGGQ+GUU‘WUGCCUf+ 39 n. -WGGCGGUGGUU~CCU-GU 
tRNnV”’ QCm- 583 n. 
<__-____(-__-- _____) _______> (___ (__-_--_ ---___-) ---) 
-ana5iapl;cCaaQGcan_UGC~UQUUGG~CUUU-~~GUUC~~U~-UUU~~~~GUUU~~CUGUUU~C 
tRNAG’y PupUQ- 685 n . 
(____ (____(___ ___) ___-)____) (_--___ <___- -___) ______) 
+6+G~CG&~G.M+C~-GUUUC&UQUUCGQ!,!&UGFW.U~~~CGU~ U-------MUG&,UCGUCGU~G&CUMA&C 
(__--___(___-- __-__) _______) (__ (-_- ---) __) 
EUQ1 cna Chl orQpl art *ntrons 
psbA1 w- 333 n. -,W&~f,J$~W~UUUUUUUrWU!WUUUCG~@+~~~~~GUUUW- 18 n. -UlkWUUAGu4U!&WUUU-&C 
_ ___----) _-__) -__) 
p,PbA2 MUQ- 348 n. -~UUUn~UUUGQ~-WUUUUWauCQU-tiU*GMUMGU- 26 n. -OnUUUUUWWUUYgGUUU-.W 
(_-_- <-__- ____) _---) ( ____(-_____ (_-- -__) --_-_-) --_- ) 
.osbA3 W9.W 358 n. -~uUu~~L~~-~~UUCUCG~~UQU-~UC~~~~~U----------------UUUGUUUG~UGU~U 
-_-_) -- --__) __----) 
psbA4 w- 536 n. -UUUpapFCUUGy~~U~-~UUU~U~G~CUG-U~C~~UUUU~~------------AUU~UUU~GUU~C 
(_____--(__ -- -- -_) ___-___) <-- (-_-__ __---) _-) 
Xl puEEE- 237 n. -UCg4apF;nUUUQOaCUUCUUU-~GUCUUQC~U~UQU-~~GGUUU------------~-----------UUCU~GUU~U 
(__-___ (---_ --__) --__--) (__(-- __) _-) 
x2 
t 
NUQ- 331 n. -M&$&&UGW,Q,SCG-U&,&UCGUUUUUacnuyyUUUUUCUUU- II n. -UUUUGM 
(__ -___ (___ -__) --_- _-) ( _-- (__ (_____ _____,_~“-eu -_- ) 
I t 1 I- 14- bp halrptn -i i-_ “connectmg” heltx -1 
5’ Junction 8 I 0 I 3’ Junction 
Fig. 1. Conserved features in the 5 ’ - and 3 ‘-terminal segments of class II introns. Nucleotides underlined are common 
to at least 10 introns, including at least 2 in each subset. Divergent arrows show potential base-pairings. Sequences 
aligned are those of introns: al, a2 and a5 o the cytochrome oxidase subunit I gene of Succhuromyces cerevisiae [21]; 
the first intron (bl) of the S. cerevisiae apocytochrome b gene [ 131; an intron of the cytochrome oxidase subunit I gene 
of Podosporu anserina [14]; the intron of the cytochrome oxidase subunit II gene of Zeu muys [20]; introns in the 
tRNA”’ and tRNAMUa genes of Zea muys chloroplasts [16]; the introns in the tRNAVa’ and tRNAGly genes of Nicotiana 
tabacum chloroplasts [18,22]; the four introns in the psbA gene and two putative introns in an unidentified gene (see 
text and fig.2) of Eugfena grucilis chloroplast DNA [6]. The two vertical arrows indicate the 5 ’ - and 3 ‘-extremities of 
the introns. 
had already been reported to belong to class II. 
These features include GUGCG and YUAYY.Y 
(.)AY consensus equences at their 5 ’ - and 3 ’ -ex- 
tremities respectively, and a characteristic 14-bp 
potential hairpin with a .G bulge on its 3 ’ -side (see 
the hairpin structure with the bulge on fig.3) 
located within the last 100 residues of the 3 ’ -ter- 
minal part of the intron [8]. This 14-bp hairpin, 
whose consensus sequence was reported in fig.1 
of [8] to be GAGC...RUR..R.gaaa.U..YAygY... 
GUUY (unpaired nucleotides in lower case), can 
always be connected to the 3 ’ intron-exon junc- 
tion by means of another base-pairing scheme, 
whose physical existence, like that of the major 
hairpin, is supported by the presence of many com- 
pensatory nucleotide changes in closely related se- 
quences (see fig.1 of [8]). 
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As shown now in the lower part of fig.1 of this 
report, all 4 psbA introns fit fairly well into this 
picture. The extremities of introns of the rbcL and 
psbA genes have already been reported to follow a 
consensus [3,6,7] and this consensus can now be 
seen to agree with that previously derived for class 
II introns. As for the major hairpin, it is clearly 
recognizable, especially in intron psbA4, where its 
structure is fully orthodox and its sequence closely 
related to that of the corresponding element in 
other class II introns (cf. the tRNAGly intron for 
instance). 
rom the alignment in fig. 1, a set of ‘rules’ can be 
derived that any class II intron is likely to obey. 
Provided such rules are sufficiently distinctive, 
they could allow identification of new class II in- 
trons in primary sequence data. When this ap- 
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Fig.2. Insertion sites of putative introns Xl and X2 in Eugfena grucilis chloroplast DNA. Coordinates are those of fig.2 
in [6]. 
preach was used on the 1600-nucleotide sequence 
upstream of the psbA gene (reported in [6]), two 
sequence stretches emerged as good candidates for 
3 ’ -terminal sections of class II introns (Xl and X2 
in fig.1; as a control, a search of organelle se- 
quences in the EMBL Nucleotide Sequence Data 
Library, Release 3, only yielded the terminal 
segments of known class II members). Remarkably, 
when these putative Xl and X2 introns are removed 
from the sequence published in [6], using the first 
upstream GTGYG oligonucleotide as a possible 5 ’ 
exon-intron juncton, the URFl and URF2 uniden- 
tified reading frames reported by these authors 
then merge into a single, much larger URF, as 
shown in fig.2. 
The potential base-pairings hown in fig.1 are 
part of the complete secondary structure model of 
class II introns. This model, whose original version 
is in [9], has since been extended to all other in- 
trons recognized as belonging to class II ([8,13,14], 
unpublished). Its core consists of 6 base-paired 
stems, that bring the intron-exon junctions into 
relatively close proximity. The length of the un- 
paired stretches connecting successive stems is con- 
stant and these stretches have rather well-conserved 
primary sequences. As seen in fig.3 (cf. fig.2 of 
[8]), the sequence of intron psbA4 lends itself to 
the building of a model which essentially meets 
these requirements. Primary sequence homologies 
are especially striking with the first intron of the 
cytochrome b gene of yeast, whose corrected se- 
quence and complete secondary structure model 
are found in [ 131. It must be stressed however, that 
we were unable to fold the sequences of the 3 other 
psbA introns or the putative introns Xl and X2 in- 
to any convincing core structure. These 5 introns 
stand apart from the rest of class II by several 
criteria: (i) they are shorter than all other class II 
members; (ii) they seem to evolve much more 
rapidly. Indeed, even though they derive from the 
same genome, they are hardly more related to one 
another than to members of the other subsets. This 
is to be contrasted with the situation in the other 
class II subsets, which offer ample evidence of 
evolutionary conservatism: the tRNAne, tRNAAla 
and tRNAVa’ introns each have very closely related 
sequences in tobacco, a dicot, and maize, a 
monocot [16-191; and the intron in the cytochrome 
oxidase subunit II gene of Zeu muys [20], which 
has virtually the same core as fungal mitochondrial 
introns [8], also shares several peripheral struc- 
tures and sequences with them (unpublished); (iii) 
even in the well-conserved 3 ‘-terminal section, 
base-pairings tend to be weaker than in other class 
II members. Thus, the informational content of 
most Euglena introns is probably much lower than 
that of the other class II members, as could have 
been suspected from their extremely high (A+T) 
content. 
The strong conservation of both primary se- 
quences and secondary structures in each of the 
two classes of structured introns is generally 
thought to reflect the fact that these introns are ac- 
tively involved in their own excision. Evidence in 
favor of this is 2-fold: (i) the ‘self-splicing’ Tetra- 
hymena intron is a class I member [9,10]; (ii) even 
though most of them are known to require diffusi- 
ble factors for their excision, yeast mitochondrial 
introns from both classes are the source of many 
cis-dominant splicing mutations. Remarkably, the 
mutations located in members of class I affect 
precisely those segments and structures that these 
introns have in common with their Tetrahymena 
relative (review [IS]). This strongly suggests that 
71 
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Fig.3. A tentative secondary structure model of intron psbA4. Curved arrows point to presumed in&on-exon junctions. 
Boxed nucleotides are in common with the first intron in the apocytochrome b gene of S. cerevisiae (see [ 131 for a secon- 
dary structure model of the latter intronf. The two small arrows indicate the .G bulge on the 3 ‘-side of the fit-bp hairpin. 
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the mechanics of excision and splicing are basically 
the same for all class I introns, and by analogy, 
that there might be self-splicing introns in class II 
as well. However, self-splicing entities are unlikely 
to be found among Euglena introns: assuming the 
loss of information apparently suffered by these 
introns is real, they may best be regarded as well- 
advanced intermediates in a process of informa- 
tion transfer which, starting from a self-splicing in- 
tron, would end with one that merely specifies the 
cuts and ligations to be performed by an externally 
encoded splicing machinery. 
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